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Viral interference is not a new phenomenon. McKinney (1929) noticed it in tobacco mosaic viruses. More than a decade passed before it was described in bacterial viruses , and most recent findings are in the field of animal virology. Interference has been demonstrated in systems involving two dissimilar viruses (including phages) and in systems involv-ing isologous viruses, one of which was inactivated by irradiation Latarjet and Gold6, 1962; Dulbecco, 1952 ; reviews by Wagner, 1960 Wagner, , 1963 . No detailed study, however, has yet been reported on this interfering property of an irradiated bacteriophage.
A new understanding of interference was achieved with the discovery by Isaacs and Lindenmann (1957) and Isaacs and Valentine (1957) of an "interfering" substance, interferon, liberated into the medium by a cell previously treated with infectious or noninfectious virus. This interferon rendered these cells resistant to further viral infection. Much work has continued in the field of viral interference and viral interferons, demonstrating not only other interferonlike substances (Ho, 1962) but also series of viruses arranged in order of their ability to interfere with each other's production.
The existence of isologous interference has more apparent practical significance. The fact that radiation-inactivated virus particles can interfere with active particles of the same strain presents a possible means of combatting viral infection. The present work deals with this interfering property of irradiated bacteriophage T2 . Quantitative and qualitative studies were made with both ultraviolet and X-ray irradiation to clarify their effects.
MATERIALS AND METHODS
Cultures. Escherichia coli B and bacteriophage T2 were used. Bacterial cultures, phage lysates, methods of assay, burst size studies, and other standard phage procedures were as described by Adams (1959) .
Mledia. Synthetic medium M9 without glucose or magnesium was used (Adams, 1959) . Peptone broth was selected over Tryptone for bacterial cultures, because it allowed greater burst sizes. To separate the "direct" from the "indirect" effects of X ray, a solution of equal amounts of gelatin (5°%) and peptone was used. The solution was hardened in a refrigerator before irradiation.
Ultraviolet irradiation. Ultraviolet irradiation was performed with a germicidal lamp of which 98 % of the ultraviolet dosage was in the 2,537 A wavelength range. Phage solution (5 ml) in medium M9 was irradiated in a medium-sized (diameter, 9 cm) petri dish. Irradiation dosage was calculated by a Latarjet dosimeter (Latarjet, Morenne, and Berger, 1953) . Absorption by the experimental sample was checked with a Beckman spectrophotometer and found to be negligible.
X-ray irradiation. The source of X rays was a Holweck tube with a molybdenum anticathode operating under 37 kv; the rays were filtered on 0.04 mm of aluminum, with an average wavelength of 0.9 A. The intensity in the filament (30 to 40 mA) and the distance were chosen, according to the doses desired, to obtain dose rates from 500 to 1,500 r/sec.
Direct irradiation. The gelatin-peptone medium was arrived at only after many trials of protective agents, including Tryptone, peptone, yeast, catalase, and gelatin in various combinations. The protection of this solution was significantly better than any of the other combinations tried, and, when frozen (Latarjet, Ephrussi-Taylor, and Rebeyrotte, 1959; Latarjet and Golde, 1962) Antiserum. Anti-T2 antiserum was prepared in two rabbits according to the technique described by Latarjet (1948) . Very high antibody titers were obtained.
RESULTS
A phage sample at a titer ranging from 4 X 108 to 8 X 108 plaque-forming units (PFU) per ml was irradiated by either X ray or ultraviolet light. A 1-ml amount of this irradiated sample was then added to 1 ml of a growing culture containing 108 bacterial cells per ml (viable count, 10 min before). After a 4-min adsorption period, 105 infectious T2 particles (0.1 ml of a phage lysate at 106 PFU per ml) were added and allowed to adsorb for 6 min before addition of the antiserum (to eliminate the unadsorbed phage). A sample was taken at 4 min to determine the extent of multiplicity reactivation (Luria and Dulbecco, 1949) ; another was taken at 10 min to determine the number of infectious phage particles, both free and adsorbed. Dilutions were made after the antiserum treatment to determine the average burst size, according to the method of Ellis and Delbruck (1939) . The protocol is illustrated in Table 1 .
Because of the difficulty of irradiating a large quantity of phage with direct X rays, the quantities of irradiated phage and of bacteria were reduced: 0.3 ml of irradiated phage was added to 0.7 ml of bacteria. The multiplicity of infection (three to five times) was kept the same as in the experiments with ultraviolet and indirect X-ray irradiation. For low doses, both in ultraviolet and indirect X-ray experiments, the experiment was again altered to correct for the increased number of active phage after irradiation. In these instances, the dilutions were increased 100-fold. Every experiment had its control. Percentages and burst size comparisons were made with the controls of the same day. Though variation was observed, T2 burst size was about 100.
Ultraviolet light. Results from ultraviolet light experiments were complicated by two reactivation phenomena: reactivation by light and multiplicity reactivation (Luria and Dulbecco, 1949) . To counteract the light effect, the experiments were performed in a dim room, the solutions were kept from light by enwrapping in aluminum foil, and the plates, whenever possible, were covered with metal covers and placed in darkness immediately after plating. Multiplicity reactivation was considered in all data (4-min assay). The inactivated bacteriophage interfered with the normal multiplication of its superinfecting isologue by either of two means: exclusion, the complete inhibition of infectious phage multiplication in the mixedly infected bacterium; or depression, as seen in the burst size in instances when the inactive phage did not exclude its infectious isologue, but did depress its multiplication. Exclusion was determined by comparing the expected number of infective centers with the experimentally found number. Depression was calculated by taking the average burst size from the infected cells which had escaped exclusion and comparing this value with the control. Total interference is the sum interference produced by exclusion and depression on the entire cell population, and represents the diminution of new phage production (as compared with the control) from the infectious phage added. The following equations define these quantities:
where Cf is infective centers found (growth tube I); Ce is infective centers expected (theoretical, from number of phage added minus number unadsorbed); Bf is average burst size found; and Be is average burst size expected (the control).
The data in Table 2 illustrate the calculations in a representative experiment. By conclusion, only 45 % of the infective centers expected were found; by depression, the burst size from the infected cells was only 29%G of the control. Total interference then is 87 %.
Because of the necessary 100-fold dilution in calculating burst size from the infective centers, original titers of infectious phage were chosen so as to give enough infective centers (after the exclusion effect) to permit adequate evaluation of depression. * Infectious phage particles (3 X 105) were added to 108 growing bacterial cells already infected with irradiated phage. By the 4-min assay, the number of infectious phage arising from multiplicity reactivation was determined, and this number was added to the known number of ininfectious phage added. Determination of unadsorbed phage was made by subtracting the 18-min assay (following antiserum) from the 10-min assay. The figures above represent the data after a 10-3 dilution. Irradiation dosage was 1,400 ergs/mm2; survival was 1.7 X 10-6; multiplicity was five.
About 60 experiments at different doses and multiplicities were run to determine the interfering efficacy of ultraviolet-inactivated phage. Some variance was seen in the samples (as well as in the controls), but the greatest degree occurred at the lower doses, below 1,200 ergs/mm2, probably a result of multiplicity reactivation. Figure 1 illustrates interference at a fixed multiplicity of infection of five irradiated particles per bacterium in relation to change in dose. An increase in exclusion is seen when the dose is increased from 1,200 to 1,800 ergs/mm2. In the 1,800 ergs/mm2 range, the largest degree of exclusion was noted.
Depression, on the other hand, fell rather sharply when the dose was increased. This same effect is seen in Fig. 2 where the percentage of interference is plotted against survival. (In several respects, these axes are preferred, for although dosage gives an indication of survival a considerable variation was found depending upon petri dish, method of vibration, etc.) The same drop in depression was seen, and at survivals of 10-6 the greatest amount of interference was observed. It is interesting that at these survivals multiplicity reactivation lost importance. Depression dropped as survivals of 10-8 were approached, but exclusion remained at about 30% even at survivals of 10-9. In these latter experiments at high doses, phage lysates at 1010 were irradiated, assayed for survival, and then diluted 10-2 for use in the experiments. In two separate experiments, one at 6,500 ergs/mm2 and another at 7,400 ergs/mm2, both exclusion and depression were lost and no interference was observed.
In demonstrating interference, two variables were considered: multiplicity of infection and dose of irradiation. Multiplicities between three and five were tried at doses ranging from 300 to 7,500 ergs/mm2. It was found that doses below 800 ergs/mm2 gave too many reactivated phage to permit accurate evaluation of interference. A study was made, however, at low doses; dilutions and quantity of infectious phage were increased 100-fold (Table 3 ). Significant interference was noted even at low doses, and what may seem surprising is that depression appears lower than exclusion. Total interference, however, is consistent with the graphic results of higher doses. In this study at low doses, the active phage-to-bacterium ratio is about 0.7. In the experiments at higher doses, however, the ratio was 0.007. At the higher phage-bacterium multiplicity, about 15% of the Furthermore, this higher multiplicity may explain the decreased depression.
In all cases, the reactivated phage was considered an addition to the quantity of infectious phage, although it was not subject to the same degree of interference as was the quantity of infectious phage added after 4 min; however, this study focussed on the gross interference capacity of irradiated phage at the different dose levels, and so multiplicity reactivation had to be considered and included. At higher doses, of course, it did not enter into the calculations.
Multiplicity of infection. With a dose of ultraviolet light which rendered most phage particles inactive, but still capable of interfering, the multiplicity of infection was altered. A control, made with a biophotometer, showed no "lysis from without." Figure 3 shows the results of an experiment using 1,800 ergs/mm' and varying the multiplicity. Another experiment at 1,600 ergs/ mm2 gave the same picture. In both, multiplicities over ten gave more than 90% interference.
Single burst. To examine more closely exclusion and depression, a single burst study was made (Burnet, 1929; Delbruck, 1945) . However, because of the greater number of bacteria infected with inactivated phage, the dilutions were made according to the number of infectious phage particles (10' per ml) and not the number of bacteria (108 per ml).
Two representative experiments demonstrate two different findings with ultraviolet light. At an irradiation dosage of 1,200 ergs/mm', both exclusion and depression were noted (Table 4 ). An irradiation dosage of 2,400 ergs/mm' showed exclusion, but no depression (Table 5) .
Time relationships. Findings confirmed earlier reports Dulbecco, 1952) that the greatest amount of interference was found when the superinfecting phage was added at least 2 min after the irradiated phage. Differences in the degree of exclusion and of depression were noted as these time relationships t Bursts: 127, 171, 193, 135, 76, 580, 42, 401, 109, 103, 93, 362, 83, 160, 48, 140, 190, 70, 107, 37. t Bursts: 1, 54, 82, 39, 72, 50. were altered (Table 6 ). In general, both exclusion and depression increased as the infectious phage was added 2, 4, and 9 min after the irradiated phage.
Effect of antiserum. No adverse effect of antiserum was found on either exclusion or depression with phage irradiated with X rays or ultraviolet light. Delbruck (1945) reported in his study with two different phages that with antiserum the excluded phage no longer depressed the multiplication of the nonexcluded one.
X-ray irradiation. After irradiation by direct or indirect X rays to survivals of less than 10-4, phage particles showed no ability to interfere (Table 7) . However, as suggested by the findings of Latarjet and Gold6 (1962) with Rous sarcoma virus, indirect X rays were tried at a survival of about 5% (Table 8) . Exclusion was noted, but no depression was seen. The same protocol was used as described in Table 1 . Though previous study (Latarjet, 1948) reported little difference in phage survival after direct or indirect X rays at doses below 100 Kr, it would be interesting now to examine the interfering capacity of bacteriophages inactivated by direct X rays to comparable survivals of about 1 to 5%. Table 4 . Dilutions were made so as to give a concentration of 0.2 plaqueforming units per tube (18% with bursts).
t Bursts: 452, 130, 101, 166, 80, 38, 124, 132, 264. Table 7 .
DIscussIoN
The ability of an inactivated, irradiated bacteriophage to interfere with the production of an isologous phage gives a simple system in which to study a phenomenon already found in animal virus cell systems. This phage-bacteria system also offers a way to study dose relationships and qualitative differences among various forms and quantities of irradiation.
In interference capacity, as in certain physical and chemical properties (Watson, 1950 (Watson, , 1952 , there is a difference between ultraviolet and X-ray irradiation. Phages irradiated with ultraviolet light to survivals below 10-5 still can interfere, whereas phages irradiated with X ray to the same survival cannot. X-ray samples do show some interference, but only at low doses (survivals between 5 and 10%,), and in these cases there appears exclusion but no depression.
Isologous interference involves two effects: exclusion and depression; these two effects complement each other in presenting the full interference picture. They represent similar effects, but not the same phenomenon reported by Delbruck (1945) for dissimilar phages, for in that case one phage was excluded and it, thereupon, depressed the multiplication of the other. In the present study, the same phage was either excluded or depressed. Differences in intensity of the two effects can be detected as the inactivating dose is altered, and as the time of addition of infectious phage is changed. Because of this time dependency, Dulbecco (1952) chose to call exclusion in similar phages "stimulation to breakdown," putting emphasis on the findings of Lesley et al. (1951) that superinfecting phage is broken down when adsorbed onto the surface of a bacterium already infected with another phage particle. In the present paper, the term exclusion is used to describe the effect seen without attempting to describe the reason for the effect. Doses between 1,600 and 2,200 ergs/mm2 (survivals around 10-7) showed the greatest exclusion; depression, however, appeared highest at lower doses, falling as the range went above 1,600 ergs/mm2 or survivals of 10-7. Depression is completely lost at 3,000 ergs/mm2, but exclusion remains (though reduced to about 25 to 30%) until much higher doses, e.g., 6,500 to 7,500 ergs/mm2.
Exclusion represents complete interference in those cells where it takes place. Depression is only partial interference. At lower doses, more irradiated phage particles appear active enough to depress infectious phage multiplication, and a small percentage can completely inhibit the multiplication (exclusion). At the same time, the total interference picture for the cell population is, in fact, an evaluation of the degree of complete and partial interference taking place. At higher doses, a greater percentage of the still "active" phage particles can exclude infectious phage multiplication, but a smaller number of these irradiated phage can interfere. Thus, depression falls and exclusion rises as the dosage is increased, but total interference is highest when both effects are at play (survivals close to lo-6).
The number of irradiated phage per bacterium is an important factor, as seen in experiments where multiplicity was changed. Multiplicities above ten gave significant interference even at relatively low doses, 300 to 600 ergs/mm2. Multiplicities below eight were, for the most part, comparable, since the multiplicity factor came into play only as the multiplicity moved above nine.
Multiplicity reactivation hindered accurate evaluation of interference at low doses of ultraviolet light. To prevent this reactivation, survivals after irradiation were determined by plating the phage with a large excess of bacteria (20:1, where possible). One might consider that wvhat is termed "multiplicity reactivation" is really the net result of interference and multiplicity reactivation, since both take place when bacteria are incubated with an excess of irradiated phage. At low doses, increasing multiplicity gave increasing reactivation, but as the dosage of ultraviolet light was increased multiplicity reactivation diminished and disappeared. This finding may be related to the decrease in the number of phage capable of combining to reactivate a new phage unit or to the increase in the number of phage capable of interfering, or both.
Various ideas have been put forth as to the basis, chemical and physical, of interference (Wagner, 1960) . Different processes may be leading to the same end result. Baluda (1957, 1959) The data presented here do not claim to clarify interference. The study was designed to examine the phenomenon closely in an isologous, irradiated system-to demonstrate first qualitatively and then quantitatively a separation between the infecting and interfering property of a bacteriophage as a representative system of study. Two complementary effects seen in isologous interference were studied. Both are altered by irradiation dosage, but depression seems more sensitive to changes in dosage than does exclusion. Further clarification of these effects resulted from changes in time relationships and multiplicities.
It can be seen that both exclusion and depression work together in preventing infectious phage multiplication. But whether these two effects result from some released phage "unit"-deoxyribonucleic acid, internal proteins, or both -is yet to be determined.
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